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Establishment of the Telencephalon during
Gastrulation by Local Antagonism of Wnt Signaling
However, graded Bmp activity influences the establish-
ment of ectodermal fates at all head and trunk levels of
the neural axis (Barth et al., 1999), and so it remains
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uncertain if this pathway has any specific role in estab-1MRC Centre for Developmental Neurobiology
lishment of anteroposterior (AP) identity of induced neu-New Hunt’s House
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Forebrain size is also increased in fish embryos lack-London SE1 9RT
ing Nodal activity (Sirotkin et al. 2000; Gritsman et al.,2 Department of Anatomy and Developmental
1999), and while it remains possible that Nodal signalsBiology
directly inhibit forebrain development (Thisse et al.,University College London
2000), it is more likely that Nodal activity regulates otherGower Street
signaling pathways that subsequently influence AP andLondon WC1E 6BT
dorso-ventral (DV) partitioning of the prospective neu-United Kingdom
roectoderm (Erter et al., 2001). Among the signals poten-
tially regulated by Nodal activity are Fgfs, retinoic acid,
and Wnts, all of which have all been shown to promote
the development of posterior neural tissue at the ex-Summary
pense of anterior neural plate fates (Gamse and Sive,
2000; Niehrs, 1999; Yamaguchi, 2001). Overall, for fore-Cells at the anterior boundary of the neural plate (ANB)
brain development to occur, anterior regions of the gas-can induce telencephalic gene expression when trans-
trula embryo must be shielded from the influence ofplanted to more posterior regions. Here, we identify a
various posteriorizing signals emanating from more cau-secreted Frizzled-related Wnt antagonist, Tlc, that is
dal regions of the embryo (Stern, 2001).expressed in ANB cells and can cell nonautonomously
Of the signaling pathways that influence early AP pat-promote telencephalic gene expression in a concen-
terning, the Wnt pathway is potentially the most criticaltration-dependent manner. Moreover, abrogation of
for the establishment of the earliest subdivisions of theTlc function compromises telencephalic development.
neural plate (Yamaguchi, 2001). For instance, an ever-We also identify Wnt8b as a locally acting modulator
increasing number of studies are implicating interplayof regional fate in the anterior neural plate and a likely
between Wnts and Wnt antagonists as being crucial totarget for antagonism by Tlc. Finally, we show that tlc
the establishment of the vertebrate head. Among theexpression is regulated by signals that establish early
most studied proteins in this context are Wnt8 and theantero-posterior and dorso-ventral ectodermal pat-
extracellular Wnt antagonists Dickkopf-1 (Dkk1), Frzb1,tern. From these studies, we propose that local antag-
and Cerberus. Forebrain is absent both in mice lackingonism of Wnt activity within the anterior ectoderm is
Dkk1 function (Mukhopadhyay et al., 2001) and in fishrequired to establish the telencephalon.
lacking activity of Tcf3/Headless, a transcriptional re-
pressor of Wnt target genes (Kim et al., 2000). Con-
versely, fish in which Wnt8 activity is abrogated haveIntroduction
enlarged forebrains, while more caudal neural tissue is
reduced or absent (Erter et al., 2001; Lekven et al., 2001).The telencephalon is the most complex region of the
All of these genes function in mesodermal or endoder-brain, and although significant progress has been made
mal territories from the onset of gastrulation or earlierin elucidating the cellular and molecular interactions that
and may contribute to the formation of a gradient of Wntunderlie its regional patterning, little is known of the
activity (Kiecker and Niehrs, 2001) that helps establishsignals that induce this structure (Monuki and Walsh,
initial AP subdivisions of the entire neural plate (Yama-2001; Wilson and Rubenstein, 2000). Studies in several
guchi, 2001).species have suggested that a necessary initial step in
Subsequent to the initial subdivision of the neuralthe establishment of all anterior neural plate fates (which
plate, each territory undergoes further regional pat-include telencephalon, diencephalon, and eyes) is the
terning. For instance, in the hindbrain, a cascade ofinhibition of Bmp activity through the action of Bmp
genetic interactions leads to the establishment of seg-antagonists emanating from the organizer/node (Wilson
mentally organized rhombomeres (Lumsden, 1999), andand Edlund, 2001). In support of this idea, mice lacking
at the boundary between hindbrain and midbrain, anactivity of the extracellular Bmp antagonists Chordin
organizing center (MHB) patterns adjacent midbrain andand Noggin lack forebrain (Bachiller et al., 2000), while
cerebellar structures through the activity of Wnts, Fgfs,fish with reduced Bmp activity have expanded anterior
and probably other signals (Joyner et al., 2000). Moreneural fates (Barth et al., 1999; Nguyen et al., 1998).
rostrally, the anterior neural plate becomes regionally
subdivided into telencephalon, hypothalamus, dien-
cephalon, and eyes—a process that is poorly under-3 Correspondence: corinne.houart@kcl.ac.uk (C.H.), s.wilson@ucl.
stood. Ablation studies in mice and zebrafish have, nev-ac.uk (S.W.W.)
ertheless, shown that cells located at the margin of the4 Current address: MPI for Molecular Cell Biology and Genetics,
Pfotenhauerstrasse 108, 01307 Dresden, Germany. neural plate (ANB) play an important role in telencephalic
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induction and patterning (Houart et al., 1998; Shimamura Results
and Rubenstein, 1997). In vivo ablation of these cells
Tlc Is a Novel sFRP Expressed at the Anteriorduring gastrulation in zebrafish leads to a failure in in-
Margin of the Neural Plateduction of telencephalic gene expression and subse-
In zebrafish, ablation of cells from the ANB during gas-quent widespread cell death in the forebrain (Houart et
trulation results in a loss of telencephalic gene expres-al., 1998). The localization of fgf8 transcripts within the
sion (Houart et al., 1998). To elucidate the molecularANB and the ability of exogenous Fgf8 to induce telence-
basis of ANB activity, we performed a PCR-based sub-phalic gene expression in forebrain explants raised the
tractive hybridization screen to isolate genes expressedpossibility that Fgf8 is an endogenous inducer of the
in the ANB. Through this screen, we isolated a genetelencephalon (Monuki and Walsh, 2001; Shimamura
encoding a member of the sFRP family (Wodarz andand Rubenstein, 1997). However, loss-of-function stud-
Nusse, 1998), named tlc, related to mammalian sfrp5ies suggest roles for Fgf signals in telencephalic pat-
and sfrp1 (Figure 1A). tlc is expressed from early gastru-terning rather than in telencephalic induction (Meyers
lation in the anterior neural plate, and over time, expres-et al., 1998; Shanmugalingam et al., 2000; Shinya et al.,
sion refines to a domain around the anterior margin2001).
of the neural plate (Figures 1B and 1C) that includesRecent results have suggested that in addition to roles
prospective telencephalic cells (Varga et al., 1999). Byin promoting posterior neural fates and regulating devel-
mid-somite stages, expression is undetectable. tlc isopment of tissue adjacent to the MHB, the Wnt pathway
therefore expressed at the right time and place to bemay also be involved in regional patterning within the
involved in the establishment of telencephalic fates inanterior neural plate. Zebrafish masterblind (mbl) mutant
the anterior neural plate.embryos show a transformation of telencephalon and
eyes to more caudal diencephalon (Heisenberg et al.,
Tlc Can Restore Telencephalic Gene Expression1996; Masai et al., 1997). As the mbl mutation alters
in ANB-Ablated Embryosactivity of Axin1, a negative intracellular regulator of
To determine if Tlc contributes to the activity of the ANB,Wnt signaling (Heisenberg et al., 2001), the forebrain
we first assessed whether Tlc could rescue telence-phenotype is likely due to overactivation of the Wnt
phalic development in embryos in which ANB cells hadpathway (Heisenberg et al., 2001; van de Water et al.,
been ablated. Telencephalic emx1 (n  47/54; Figure2001). Early Wnt signaling appears to be unaffected by
1F), BF1 (n 35/38; Figure 1G), and fgf8 (data not shown)the mbl mutation, and so the forebrain fate transforma-
expression was restored or even expanded in embryos
tion may be due to altered Wnt activity within the anterior
in which ANB cells were replaced with tlc-expressing
neural plate itself. The ability of anterior neural plate
cells. At later stages, rescued embryos did not show
cells to respond to Wnt signals (Heisenberg et al., 2001;
the extensive neural cell death characteristic of ANB-
Kiecker and Niehrs, 2001) provides further support for ablated embryos (data not shown). Transplants of con-
the possibility that locally acting Wnt signals may pattern trol cells gave no such rescue (data not shown). Simi-
this region of the neural plate. larly, the ability of ANB cells to nonautonomously induce
In order to identify secreted proteins involved in the telencephalic gene expression in more posterior regions
establishment of telencephalic identity, we have begun of the neural plate is matched by tlc-expressing cells
to characterize molecules responsible for the signaling (n  40/59 for emx1, n  26/26 for BF1; Figures 1H–1K).
properties of the ANB. We show here that a novel se- The ability of both ANB and tlc-expressing cells to
creted Frizzled-related protein (sFRP), Tlc, is a compo- promote ectopic telencephalic gene expression raised
nent of ANB signaling activity. sFRPs are proteins that the possibility that they might concomitantly suppress
can bind to, and antagonise the activity of, Wnt mole- other neural plate fates. To test this, we assessed the
cules, presumably by inhibiting receptor/ligand interac- consequences of ANB and tlc-expressing cell trans-
tions (Wang et al., 1997). Misexpression experiments plants upon expression of pax2.1/noi, a marker of pro-
have suggested roles for sFRPs in various Wnt-depen- spective midbrain (Brand et al., 1996), and of fgf8/ace,
dent developmental processes such as axial patterning a gene expressed both in anterior hindbrain/MHB and
(Leyns et al., 1997) and heart formation (Marvin et al., in the ANB (Reifers et al., 1998; Shanmugalingam et al.,
2001; Schneider and Mercola, 2001), but in vivo require- 2000). Both ANB cells and tlc-expressing cells nonau-
ments for individual sFRP family members have yet to tonomously inhibited pax2.1 expression (n 23/27; Fig-
be determined. We show here that tlc is expressed in ures 1M and 1O) but had no inhibitory effect on fgf8
the ANB and that Tlc can mimic ANB function. Moreover, (n  32/36; Figures 1L and 1N), a marker common to
loss of Tlc function impairs the induction of the telen- both prospective telencephalon and anterior hindbrain.
cephalon. We show that the requirement for inhibition Together, these results indicate that tlc-expressing cells
of Wnt activity in the ANB is at least in part due to possess similar telencephalon-promoting and midbrain-
the presence of a source of Wnt molecules within the suppressing properties as ANB cells.
diencephalic and mesencephalic regions of the neural
plate. We propose that induction of the telencephalon Tlc and Wnts Have Opposite Effects When
and partitioning of the prospective forebrain into telen- Expressed in the ANB
cephalic, eye, and diencephalic domains is accom- The affiliation of Tlc to the sFRP gene family suggests
plished through graded modulation of Wnt signaling that Tlc-mediated antagonism of Wnt signaling contrib-
utes to the induction of the telencephalon. To determinewithin the anterior neural plate.
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Figure 1. Tlc Activity Promotes Telence-
phalic Identity
(A) Similarity tree for tlc compared to other
vertebrate sFRP-encoding genes.
(B–O) Dorsal views of bud-1 somite stage em-
bryos (except [B] and [C]) with anterior to the
left. In this and other figures, where indicated,
stage is shown bottom left, genes analyzed
by in situ hybridization are shown bottom
right, and the experimental procedure is top
right. (B and C) tlc expression. (D) wnt8b ex-
pression. Prechordal plate (asterisk) ex-
presses a low level of wnt8b. (E) tlc (black)
and wnt8b (red) expression. The white line
outlines the neural plate. (F and G) Embryos
in which the ANB (white arrowheads) was ab-
lated and replaced with tlc-expressing cells
and analyzed for emx1 or BF1 expression. In
this and other panels, grafted cells are brown.
(H–O) Embryos in which ANB cells (ANB) or
tlc-expressing cells (tlc) were transplanted
to more posterior regions of the neural plate
and analyzed for expression of various genes
(bottom right). flh expression marks the axis
in (M) and (O). Abbreviations: d, diencepha-
lon; ey, eye field; m, midbrain; t, telen-
cephalon.
if this is the case, we transplanted cells expressing ex- gene expression raises the possibility that local modula-
tion of Wnt activity may influence early regional pat-tracellular agonists or antagonists of Wnt activity into
the ANB of wild-type host embryos and assessed the terning of the anterior plate, for instance, by regulating
the size of the prospective telencephalon. To begin toconsequences upon telencephalic gene expression.
Transplantation of wnt1- (or wnt8, data not shown) ex- address this possibility, we replaced ANB cells with cells
expressing increasing levels of tlc mRNA, or we trans-pressing cells in the ANB of wild-type hosts led to nonau-
tonomous inhibition of emx1 and fgf8 expression (n  planted increasing numbers of tlc-expressing cells (Fig-
ures 2G–2L, and data not shown). In both situations,23/26; Figures 2A and 2B). Complementing this, expan-
sion of pax2.1 expression was observed in embryos with presumed higher levels of Tlc activity led to an expan-
sion of fgf8 (n  41/41; Figures 2G, 2I, and 2K) and tografts expressing high levels of Wnts (n 37/37; Figures
2C and 2D). The expression of Wnt proteins in the ANB a lesser extent emx1 (n  36/41; Figures 2H, 2J, and
2L) into more medial neural plate territories that wouldtherefore has the opposite effect of Tlc, inhibiting telen-
cephalic and promoting midbrain-specific gene expres- normally express eye-field markers (Varga et al., 1999).
Expansion of telencephalic gene expression occurredsion. To confirm that Tlc is likely to act as an inhibitor
of Wnt signaling, we transplanted cells expressing domi- only within the confines of the neural plate and not later-
ally or anteriorly into nonneural ectoderm. The size ofnant-negative forms (Hoppler et al., 1996) of Wnt mole-
cules (DNwnt8 or DNwnt1) into the ANB. As with ANB the prospective telencephalon relative to other forebrain
domains can therefore be changed by varying the levelscells and tlc-expressing cells, DNwnt8-expressing cells
induced fgf8 and emx1 (n  17/22; Figures 2E and 2F). of Wnt signaling within the anterior neural plate. This
may be a way to generate diversity in vertebrate fore-Together, these results indicate that the telencephalon-
inducing property of the ANB is mimicked by antago- brain organization.
nists of Wnt activity and that Tlc is likely to be an endoge-
nous antagonist involved in this process. Abrogation of Tlc Function Affects Formation
of the Telencephalon
The results above indicate that Tlc activity is sufficientTlc May Regulate the Relative Sizes
of the Different Forebrain Areas to induce telencephalic gene expression, but do not
address the endogenous requirement of the gene. ToThe ability of extracellular activators or inhibitors of Wnt
signaling to nonautonomously influence telencephalic assess if abrogation of Tlc activity affects formation of
Neuron
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Figure 2. Tlc Acts in a Concentration-Dependent Fashion as a Wnt
Antagonist
Dorsal views of bud-1s stage embryos ([C] and [D] are slightly older)
with anterior to the left.
(A–F) Control embryos or embryos in which cells expressing wnt1
(wnt1) or dominant-negative wnt8 (DNwnt8) were transplanted
into the ANB.
(G–L) Embryos in which ANB cells were ablated and replaced by
cells expressing increasing levels of tlc mRNA.
the telencephalon, we injected antisense morpholinos
(MO) (Nasevicius and Ekker, 2000) against the 5 se-
Figure 3. Tlc Is Required for Telencephalic Developmentquence of the tlc mRNA (see Experimental Procedures
(A–J) Dorsal views of bud (A–H) and five somite stage (I and J)and Figure 7 for controls). Injections of increasing levels
embryos. (A) Embryo injected with a 25 pg of tlcMO into whichof tlcMO led to progressive loss of telencephalic emx1,
cells expressing tlc were transplanted to the ANB. emx1 is widelyBF1, and fgf8 expression in 80%–90% of injected em-
expressed. (B) Embryo injected with 25 pg of tlcMO into which wild-
bryos (Figures 3C–3H). By mid-somite stage, there was type ANB cells were transplanted. emx1 expression is similar to
some recovery of expression (Figures 3I and 3J), sug- controls (see Figure 1). (C–L) Embryos injected with increasing con-
gesting either that Tlc activity does not underlie the centrations of tlcMO. (C–J) A high level of MO leads to the absence
of emx1, BF1, and telencephalic fgf8 expression at early stages andentire telencephalon inducing capacity of ANB cells
reduced expression at later stages. (K and L) At 1 day, forebrain(emx1 expression does not recover following ANB abla-
size (lateral views, double headed arrow) and telencephalic neuraltion) and/or that the MOs did not completely block Tlc
differentiation (arrowhead) remain considerably reduced compared
translation. Transplantation of tlc-expressing cells or to controls.
ANB cells into the ANB of tlcMO-injected embryos res-
cued the early induction of emx1 expression (n  14/
made use of embryos that carry a mutation in the Wnt17; Figures 3A and 3B). At pharyngula stage, tlcMO-
pathway scaffolding protein, Mbl/Axin1 (Heisenberg etinjected embryos (n 37/41) possessed a reduced fore-
al., 2001). mbl/ embryos show a reduction or absencebrain with poorly differentiated telencephalon (Figure
of prospective telencephalon and eyes and an expan-3L). These experiments suggest that endogenous Tlc
sion of posterior diencephalic fates (Heisenberg et al.,activity is required for telencephalic development.
2001). Given the role of Axin as an intracellular negative
regulator of Wnt signaling (Ikeda et al., 1998), the fateTelencephalic Fates Can Be Restored in mbl
changes in mbl/ embryos have been interpreted asMutant Embryos by Abrogation of Wnt
being a consequence of increased Wnt activity (Heisen-Signaling in the Prospective Diencephalon
berg et al., 2001; van de Water et al., 2001). In supportTo further investigate the role that modulation of Wnt
signaling plays in formation of the telencephalon, we of the possibility that this increase in Wnt activity occurs
Telencephalon Formation by Local Wnt Antagonism
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Figure 4. Suppression of Wnt Signals Ema-
nating from the Diencephalon Promotes Tel-
encephalic Development
(A–C) Lateral views of forebrains of a wild-
type embryo with control transplanted cells
(A), a mbl/ embryo (B), and a wild-type em-
bryo in which wnt1-expressing cells were
transplanted into the prospective diencepha-
lon during gastrulation (C).
(D) Dorsal view of bud stage wild-type em-
bryo in which ANB cells were replaced with
ANB cells from a mbl/ embryo. emx1 ex-
pression, which is normally absent, is re-
stored.
(E and F) Dorsal views of wnt8b expression
in a bud stage mbl/ embryo (E) and in a
mbl/ embryo in which tlc-expressing cells
were transplanted into the ANB (F).
(G and H) Lateral views of bud stage control
embryo (G) and embryo injected with
wnt8bMO, showing expansion of emx1 ex-
pression (H).
(I) Dorsal view of a pharyngula stage mbl/
embryo in which wild-type cells were trans-
planted into the prospective diencephalon
during gastrulation, restoring telencephalic
emx1 expression. Asterisk shows rescued
eye (which is primarily composed of wild-type
cells).
(J and K) Lateral views of a bud stage mbl/
embryo in which cells in the posterior fore-
brain were ablated (J) and a mbl/ embryo
injected with wnt8bwnt1MOs (K), both
showing restoration of emx1 expression.
(L) Dorsal view of a pharyngula stage mbl/
embryo in which tlc-expressing cells were transplanted in the prospective diencephalon during gastrulation, restoring emx1 expression.
(M–O) Lateral views of forebrains of a pharyngula stage wild-type embryo (M), a mbl/ embryo (N), and a mbl/ embryo injected with
wnt8bwnt1MOs (O), stained with anti-Hu antibody, which recognizes neuronal cell bodies. Arrowheads show telencephalic neurons (which
are absent in the mbl/ embryo). Abbreviations: e, epiphysis; t, telencephalon.
within the neural plate, transplantation of cells express- cedures led to at least partial restoration of emx1 and
telencephalic fates in mbl/ embryos. One interpreta-ing Wnt1 (or Wnt8) into the prospective forebrain of wild-
type embryos resulted in a mbl-like phenotype in which tion of these results is that both the ablation procedure
and the insertion of wild-type cells interferes with thetelencephalon and eyes were reduced or absent (Fig-
ures 4A–4C). Disrupted ANB signaling itself is, however, production of Wnt signals in the prospective posterior
diencephalon or with the movement of Wnt proteinsunlikely to significantly contribute to the increase in Wnt
activity (and loss of telencephalic fates) in mbl/ em- into the prospective telencephalic region of the anterior
neural plate.bryos, as tlc is expressed during gastrulation in those
embryos (data not shown), and mbl/ ANB cells can
rescue emx1 expression when transplanted into wild- Wnt8b Is a Posteriorizing Signal Expressed in
Prospective Posterior Forebrain and Midbraintype ANB-ablated embryos (n19/19; Figure 4D). These
observations suggest that the activity of Wnts in the To test the notion that establishment of telencephalic
gene expression requires antagonism of Wnts emanat-anterior neural plate is negatively regulated both by ex-
tracellular proteins such as Tlc and intracellular proteins ing from more posterior regions of the anterior neural
plate, we abrogated the activity of candidate Wnt pro-such as Mbl/Axin1.
A requirement for Tlc and Axin1 to induce telencepha- teins. wnt1 (Kelly and Moon, 1995) and wnt8b (Kelly et
al., 1995) are both expressed in the prospective caudallon implies a source of Wnt proteins capable of repress-
ing telencephalic fate in the anterior neural plate. If neu- diencephalon and midbrain (Figures 1D and 1E, and data
not shown) and so are good candidates to be involved inral tissue caudal to the ANB is a source of Wnt proteins,
we reasoned that interfering with the production, move- the repression of telencephalic identity. Indeed, wnt8b
is ectopically expressed in the anterior neural plate ofment, or reception of these signals by transplanting or
ablating cells posterior to the prospective telencephalon mbl/ embryos (compare Figure 4E to Figure 1D), sug-
gesting that increased Wnt8b activity may contributein mbl/ embryos might suppress Wnt signaling and
alleviate the mbl/ telencephalic phenotype. We there- to the loss of telencephalic fate in these embryos. To
address the roles of Wnt8b and Wnt1, we used MOsfore either ablated posterior forebrain precursors (Figure
4J) or transplanted wild-type neural plate cells (Figure to abrogate their activity in vivo. Although injection of
wnt1MO had no obvious effect on telencephalic devel-4I) or tlc-expressing cells (Figure 4L) into the prospective
forebrain of mid-gastrula stage mbl/ embryos. All pro- opment (data not shown), injection of wnt8bMO alone
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or wnt8b plus wnt1MOs in wild-type and mbl/ embryos
expanded or restored emx1 expression, respectively
(Figures 4H and 4K). At later stages, wnt8bMO injections
led to restoration of telencephalic neurogenesis in
mbl/ embryos (Figures 4M–4O). Finally, transplantation
of tlc-expressing cells into mbl/ embryos led to sup-
pression of ectopic wnt8b expression (Figure 4F) and
restoration of telencephalic fates (data not shown), indi-
cating that Tlc and Axin may also indirectly modulate
Wnt activity through the regulation of other genes in the
Wnt pathway. Together, our experiments show that the
consequences of reduction of endogenous Wnt8b activ-
ity within the neural plate are similar to those observed
when Tlc activity is increased. This supports the hypoth-
esis that local Wnt agonist/antagonist interactions con-
trol the induction and extent of the prospective telen-
cephalon within the neural plate.
tlc Expression Is Induced between Thresholds
of Bmp Activity and Can Restore Telencephalic
Fates to Bmp-Depleted Embryos
Previous studies have indicated that inhibition of both
Bmp and Wnt signals promotes forebrain fates (Glinka
et al., 1997). Severe abrogation of Bmp activity in vivo
leads to a massive increase in the size of the prospective
forebrain (due to conversion of anterior nonneural ecto-
derm to neural plate; Figures 5A and 5B), but within the
enlarged forebrain, telencephalic fates are reduced or
Figure 5. tlc Expression Is Regulated by Bmp Signaling, and Tlcabsent (Barth et al., 1999) (Figures 5C and 5E). Our inter-
Can Restore Telencephalic Fates to Bmp-Depleted Embryospretation of this result is that, as with other DV domains
(A and B) Lateral views of wild-type and swirl (swr/) 70% epibolyof the neural plate, the telencephalon can only be estab-
embryos. Dorsal is to the right and anterior is up. Expression of thelished between certain thresholds of Bmp activity (Barth
prospective forebrain marker anf is expanded to the ventral side of
et al., 1999). the ectoderm in the swr/ embryo. These data are modified from
To explore this hypothesis, we examined the relation- Barth et al. (1999).
ship between Bmp signaling and Tlc expression and (C–F) emx1 and telencephalic fgf8 expression (arrows) in noggin-
injected embryos (C and E) and in noggin-injected embryos withactivity. As expected, tlc expression was severely re-
tlc-expressing cells transplanted to the animal pole (D and F). Ex-duced in embryos with abrogated Bmp signaling (Figure
pression of both markers is severely reduced following noggin injec-5I). Increased Bmp activity in chordino/ mutants leads
tion (similar to swr/ embryos) and is restored by Tlc. fgf8 expres-
to reduction of the neural plate, but within the reduced sion is shown in lateral view so that posterior expression does not
neural plate, tlc is still expressed at the anterior margin mask the telencephalic signal.
(Figure 5H), and telencephalic tissue is present. This (G–I) tlc expression in wild-type, chordino mutant, and noggin-
injected embryos.again suggests that tlc expression is induced between
(J–L) tlc expression in embryos with a control transplant (J), with athresholds of Bmp activity that are present at the margin
transplant of noggin-expressing cells to the margin of the neuralof the neural plate. To directly test this, we altered the
plate (K), and with a transplant of noggin-expressing cells within
levels of Bmp signaling at the margin of the neural plate the neural plate (L). Arrowheads indicate induction of ectopic tlc
through transplantation of noggin-expressing cells. As expression in cells close to the margin of the neural plate.
predicted, tlc expression was inhibited where Noggin
activity was highest, while it was ectopically induced in
cells that would have become nonneural ectoderm at a compromised Bmp activity may contribute to the failure
of telencephalic specification in the enlarged forebrainsdistance from the graft, presumably due to lowered Bmp
activity in these cells (n  19/23; Figure 5K). Thus, Nog- of these embryos. To assess if this is the case, we
transplanted tlc-expressing cells into embryos with ab-gin can induce ectodermal cells to become neural, and
within anterior regions, cells at the interface between rogated Bmp activity. This led to robust restoration of
telencephalic emx1 and fgf8 expression in all cases (Fig-neural and nonneural tissue express tlc and hence ac-
quire the ability to induce telencephalic identity. Trans- ures 5D and 5F), supporting the hypothesis that Tlc
imparts telencephalic identity to anterior neural plateplants of noggin cells into the neural plate had no effect
on tlc expression, fitting the prediction that Bmp activity cells and that the loss of Tlc in Bmp-depleted embryos
contributes to the loss of telencephalic fates.is already below the threshold for induction of tlc in this
region (n  12/12; Figure 5L). Together, these results
indicate that tlc expression is induced within the anterior Early Direct or Indirect Manipulations of Wnt
Activity Alter Expression of tlc and wnt8bmargin of the neural plate between thresholds of Bmp
activity. Fish mutants with altered expression of Wnt8 have en-
larged or reduced heads, depending on the levels ofThe reduction/loss of tlc expression in embryos with
Telencephalon Formation by Local Wnt Antagonism
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Figure 6. Alterations in Expression of tlc and
wnt8b in Embryos with Direct or Indirect Al-
terations in Early Wnt Activity
Dorsal views of bud stage wild-type embryos
(A and E), MZoep (lacking maternal and zy-
gotic Oep activity) embryos (B and F), or em-
bryos injected with dkkMO (C and G) or
wnt8MO (D and H). Genes analyzed are indi-
cated (bottom right).
Wnt8 activity (e.g., Lekven et al., 2001; Erter et al., 2001). local antagonism of Wnt signaling within the anterior
neural plate can result in ectopic induction of telenceph-One possibility is that Wnt8 and its antagonists not only
regulate head formation but also mediate regional pat- alon in wild-type embryos and restoration of telence-
phalic identity both in ANB-ablated embryos and interning and inductive events within the prospective fore-
brain. However, given the distance between the telence- mbl/ embryos. Furthermore, we provide evidence that
the posterior diencephalon is a likely source of Wntphalic anlage and the source of Wnt8 in the involuting
mesendoderm, a more attractive hypothesis is that alter- ligands, including Wnt8b, which antagonize telence-
phalic specification. All together, these data provideations to early Wnt activity directly or indirectly lead to
changes in the expression of genes that subsequently compelling evidence that telencephalic identity is estab-
lished through local suppression of Wnt signaling in theact locally within the neural plate to effect regional pat-
terning. To address if this may be the case, we assessed anterior neural plate during late gastrulation.
expression of tlc and wnt8b in embryos with alterations
in early Wnt activity. Tlc Is a Novel sFRP Required for Establishment
Zebrafish embryos lacking Nodal signaling have en- of the Telencephalon
larged heads as a consequence of reduced Wnt8 activity Sequence analysis shows Tlc to have its greatest homol-
(Erter et al., 2001). To assess whether this Nodal path- ogy to mammalian sFRP1 and sFRP5. However, there
way-dependent reduction in Wnt8 signaling is likely to is currently insufficient data to assess whether Tlc is a
affect the activity of locally acting Wnt pathway genes true ortholog of either of these genes. There has been
in the anterior neural plate, we assessed expression of relatively little expression analysis of sFRP-encoding
tlc and wnt8b in Nodal-depleted embryos. We observed genes, and of those analyzed in other species, none
dramatic alterations in expression of both genes, with shows patterns similar to tlc. Tlc can function as a bona
tlc expressed in a broad anterior domain of the neural fide Wnt antagonist, as can several other sFRP family
plate and wnt8b reduced (Figures 6B and 6F). Thus, members (e.g., Wang et al. 1997; Leyns et al., 1997).
although early Wnt8 activity is altered in Nodal-depleted This is evident from assays in which we have shown
embryos (Erter et al., 2001), it is likely that the conse- that other extracellular antagonists of Wnt signaling
quent alterations in Tlc and Wnt8b activity contribute to mimic the activity of Tlc and from the ability of Tlc to
the expansion of telencephalic fates. More direct inter- produce embryonic phenotypes (enlarged heads) char-
ference with early acting Wnt pathway genes through acteristic of reduced Wnt activity when ubiquitously
the use of Dkk or Wnt8 MOs also led, respectively, to a overexpressed.
reduction or expansion of tlc expression and a concomi- In gain-of-function assays, Tlc is able to reproduce
tant rostral or caudal shift in wnt8b expression (Figures the ability of ANB cells to nonautonomously induce tel-
6C, 6D, 6G, and 6H). All together, these observations encephalic and inhibit mesencephalic gene expression.
indicate that although manipulations or mutations that This suggests that endogenous Tlc activity is likely to
alter the activity of early acting Wnt pathway genes can contribute significantly to the organizer activity of the
influence forebrain size (including telencephalon), as- ANB cells. Although we have yet to identify a genetic
pects of this phenotype may be an indirect effect of loss-of-function mutation in the tlc gene, the tlc mor-
altering the activity of later acting genes functioning phant phenotype provides evidence in support of an
locally within the anterior neural plate. endogenous requirement for Tlc in the establishment of
telencephalic identity. Unlike in embryos in which ANB
cells are ablated, there is some later recovery of telence-Discussion
phalic gene expression in tlc morphants, perhaps most
likely because other genes also contribute to the induc-Previous studies have shown that cells at the anterior
tion of telencephalic identity.margin of the neural plate produce signals both neces-
sary and sufficient to induce telencephalic gene expres-
sion. Here, we identify the novel Wnt antagonist Tlc as The Prospective Diencephalon Is a Source of Wnt
Proteins that Inhibit Telencephalic Developmenta component of the activity of the ANB. Tlc is expressed
within the ANB, can mimic its inductive abilities, and is The requirement of an sFRP within the anterior margin
of the neural plate implies a source of Wnt proteinsrequired for telencephalic development. We show that
Neuron
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Figure 7. tlc and wnt8b Morpholinos Abrogate Tlc and Wnt8b Activity
(A and B) Control 60% epiboly and prim5 stage embryos.
(C–R) Columns 1 and 3 show lateral views of gastrula stage embryos injected with RNA encoding GFP-tagged Tlc and increasing levels of
tlcMO (column 1), or with RNA encoding GFP-tagged Wnt8b and increasing levels of wnt8bMO (column 3). Increasing levels of the MOs inhibit
translation of the tagged proteins, resulting in decreasing levels of fluorescence. Columns 2 and 4 show lateral views of the heads of 24 hr
embryos resulting from the experiments shown in columns 1 and 3. High levels of exogenous Tlc activity enlarge brain and eyes, while high
levels of tlcMO lead to reduced eyes (and telencephalon). High levels of exogenous Wnt8b result in loss of eyes, while higher levels of
wnt8bMO lead to increased eye size.
capable of antagonizing telencephalic development. We onized or modulated by other components of the Wnt
pathway, such as Tlc. This suggests an organizing rolehave presented several lines of evidence implicating
the anlage of the posterior diencephalon as a site of for the diencephalic anlage during gastrulation, and so,
early brain patterning may involve complex interactionsproduction of Wnt ligands that influence anterior neural
plate patterning. First, we have suggested that the loss between three organizing centers (the ANB, MHB, and
a domain within the diencephalon).of telencephalon in mbl/ embryos is due to local over-
activation of Wnt signaling within the anterior neural
plate. Telencephalic fates can be restored in mbl/ em- Graded Wnt Signaling May Mediate the Regional
Subdivision of the Anterior Neural Plate intobryos by ablation of posterior diencephalic cells or
transplantation of tlc-expressing cells into the posterior Telencephalon, Eye Field, and Diencephalon
In addition to affecting the specification of the telen-diencephalon. We predict that both of these procedures
would limit the amount of Wnt protein moving from pos- cephalon, local levels of Wnt activity affect eye specifi-
cation. In mbl/ embryos, eyes are lost, presumably dueterior diencephalon into the anterior neural plate. Sec-
ond, we show that wnt8b is expressed in the prospective to overactivation of Wnt signaling within the prospective
eye field (Heisenberg et al., 2001). However, here weposterior diencephalon from mid/late stages of gastrula-
tion. Abrogation of Wnt8b activity in mbl/ embryos have also shown that enhanced Tlc activity in the ante-
rior margin of the neural plate can expand telencephalicrestores telencephalic fates, implying that excessive
Wnt8b activity contributes to the loss of telencephalic gene expression into the prospective eye field, in this
case presumably by lowering the level of Wnt activity.fates in mutant embryos. Similarly, abrogation of Wnt8b
activity in wild-type embryos leads to expansion of the Together, these results raise the possibility that eye-field
fates are specified by a level of Wnt signaling intermediatetelencephalon, implying that endogenous Wnt8b activity
may limit the extent of telencephalic tissue. All together, between that which promotes posterior diencephalon
and that found in the prospective telencephalon. Al-these results imply that Wnt8b (and perhaps other Wnts)
are produced in the posterior diencephalon and move though this simple gradient model of Wnt activity in the
anterior neural plate is attractive, it may be an oversim-into the anterior neural plate where their activity is antag-
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plification, as some observations still lack explanation. ments against this idea. Alterations in the activities of
the genes (such as dkk, frzb1, wnt8, and cerberus) thatFor instance, abrogation of Wnt8b activity restores tel-
may influence the postulated Wnt gradient all lead toencephalon but not eyes to mbl/ embryos, and indeed,
increases or decreases in the size of the whole forebrainthere appears to be a cell autonomous requirement for
and not to alterations in induction of specific regionalwild-type Axin1/Mbl in the eye fields (Heisenberg et al.,
fates within the forebrain. Indeed, fish embryos possibly1996) but not elsewhere in the forebrain. Finally, recent
lacking all early posteriorizing signals still possess pat-studies in Xenopus have suggested that Frizzled3-medi-
terned forebrain tissue consisting of telencephalon, di-ated Wnt signaling promotes, rather than inhibits, eye
encephalon, and eyes (Thisse et al., 2000). Second, al-development (Rasmussen et al., 2001). All together,
though it appears that Wnts can have activities at athese results suggest a complex, and as yet poorly un-
distance, it seems unlikely that Wnts expressed in pro-derstood, role for the Wnt pathway in eye development.
spective mesendoderm could travel far enough through
the ectoderm to mediate regional patterning within theForebrain Fates and Bmp Signaling
anterior neural plate. Third, all of the manipulations thatOur data suggest that tlc is expressed between thresh-
we describe in this study lead to dramatic alterations inolds of Bmp activity found at the rostral margin of the
regional patterning of the anterior neural plate withoutneural plate. Severe abrogation of Bmp activity leads to
affecting early Wnt-dependent patterning events.a loss of tlc expression, as has been observed for other
Fourth, there is no evidence that telencephalic identitymarginal neural plate markers at all head and trunk levels
is established at the time at which early acting Wnt(Barth et al., 1999; Nguyen et al., 1998). This loss of
pathway genes are initially active; rather, the first indica-tlc expression may explain why telencephalic fates are
tions of telencephalon-specific gene expression appearreduced in Bmp-depleted embryos despite an overall
around the stage that Tlc, Wnt8b, and other locally act-increase in the extent of forebrain tissue (Barth et al.,
ing genes are likely to function in the anterior neural1999). The robust restoration of telencephalic gene ex-
plate. Finally, it is probably incorrect to consider thepression in Bmp-depleted embryos by Tlc provides sup-
telencephalon to be the anteriormost subdivision of theport for this hypothesis. Given these and other results,
CNS. The most widely accepted model of CNS regional-it is probably an oversimplification to consider Bmp an-
ization suggests the telencephalon and eyes both to betagonists to be inducers of the anterior brain. As we
derivatives of the alar region of the most anterior CNSdiscuss further below, signals that establish initial AP
(Redies and Puelles, 2001). Thus, fate selection betweenand DV pattern in the embryo are likely to influence
telencephalon and eye field should probably not be re-the regional character of anterior neural plate cells by
garded as an AP subdivision of the neural plate.regulating the expression of genes, such as tlc, that
If telencephalic induction is not a direct consequencelocally mediate regional fate determination.
of signaling by early acting Wnts and their antagonists,
then an attractive hypothesis is that early Wnt activityRepeated Use of the Wnt Pathway in AP Patterning
regulates expression of genes that function later andThe canonical Wnt signaling pathway is used repeatedly
locally mediate regional patterning of the neural plate.
during establishment of AP and DV pattern in the em-
In such a model, the postulated gradient of early Wnt
bryo. There is an initial requirement for-catenin-depen-
activity would divide the prospective neural plate into
dent activation of target genes on the dorsal side of the
broad domains, perhaps forebrain, midbrain, hindbrain,
embryo. In its absence, organizer formation fails and and spinal cord. One consequence of this would be the
embryos develop without heads and other dorsal/ante- local activation of genes within these specific territories,
rior structures (Joubin and Stern, 2001). Subsequently, and it would be interactions between these induced
Wnt8 (and possibly other Wnt proteins) is expressed in genes that regulate subsequent regional patterning. We
prospective mesendoderm cells. It is thought that this have provided evidence in support of such a model by
phase of Wnt activity promotes the development of pos- examining expression of tlc and wnt8b in embryos in
terior and ventral tissues and inhibits dorsal and anterior which early Wnt activity is directly or indirectly manipu-
fates (Sokol, 1999). Indeed, recent studies have sug- lated. For instance, it is thought that the expansion of
gested that a gradient of Wnt activity may contribute to forebrain fates in Nodal-depleted embryos is a conse-
the establishment of initial positional values along the quence of the loss of posteriorizing signals, including
entire AP axis of the neural plate (Kiecker and Niehrs, Wnt8, from the prospective mesendoderm (Erter et al.,
2001). Finally, Wnts are implicated in the development 2001). In such embryos, there is an increase in tlc ex-
of dorsal neural fates such as neural crest and dorsal pression, suggesting that early alterations in posterior-
telencephalon (Deardorff et al., 2001; Lee et al., 2000) izing signals lead to later changes in the activity of pat-
and establishment or maintenance of midbrain and cere- terning genes that act locally in the neural plate.
bellar tissue (Brault et al., 2001). To this list, we now Although we suggest that the consequences of modu-
add evidence that suppression of Wnt signaling is nec- lating early and later Wnt activity are distinct, this does
essary for induction of the telencephalon. Resolving how not necessarily imply that they are completely discrete
these Wnt-dependent patterning events are integrated events. Establishment of regional fates in the neural
both spatially and temporally in the embryo is a major plate may involve a continuous refinement of positional
challenge. values that are influenced by Wnt signals secreted from
One possibility is that the telencephalon is a default various locations and acting at various different stages.
neural fate, specified at the low point on an early acting Although several studies have suggested the presence
gradient of Wnt activity that assigns AP positional values of a graded nuclear readout of Wnt activity in the ecto-
derm (Dorsky et al., 2002; Kiecker and Niehrs, 2001),to the forming neural ectoderm. There are many argu-
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stage Nikon Optiphot microscope. Cells were moved by suctionmuch more study is required to dissect the interplay
using a mineral oil-filled glass micropipette attached to a 50 lbetween agonists and antagonists responsible for medi-
Hamilton syringe (Houart et al., 1998).ating such variations in the output of the Wnt pathway.
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